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Abstract Plant species are known to be distributed on river
banks in a sequence of community zones from the water’s
edge to the outer riparian area. The interplay between flow
and landscape is thought to drive the existence of these zones,
and specifically, between a lower zone that is inundated most
years and an upper zone that is inundated less frequently.
There remains no consensus on the number of zones present,
what their links to flow might be or whether the same zones
occur in different basins. This paper reports on the number and
nature of vegetation zones along South African rivers in dif-
ferent geographical areas and their relationship to the flow
regime. River bank sites in four climatic areas of South Africa
were found to support four vegetation zones (in two groups)
despite major differences in vegetation community types, cli-
mate and patterns of river flow. The Wet bank and Dry Bank
zones were separated at an elevation that correlated well with
the 1:2 year flood line. If vegetation zones along rivers can be
linked in this generic way to the flow regime of a river, it will
strengthen our ability to predict vegetation changes likely to
occur with flow modifications.
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Introduction
There is a growing body of knowledge on the distribution and
nature of vegetation along river banks and across floodplains.
Naiman et al. (2005) reviewed much of this, describing how the
vegetation changes with distance from the river’s edge in a
series of lateral zones. For both floodplains and river banks,
the primary drivers of zonation are usually seen as two-fold.
Arguably, the main one of these is river flow, with the magni-
tude and timing of flow (Poff et al. 1997), the area of land it
inundates, and the velocity, depth and duration of inundation all
influencing what plant species can live where. The geomorpho-
logical nature of the river channel and surrounding land is also
important, as is the nature of the soils, dictating where water can
reach and for how long. Through the interplay of flows and
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landscape, river banks are inundated and exposed at different
times of the year, providing a range of conditions that are
exploited by different plant species. Floodplains exhibit similar
vegetation patterns, with their outer rims supporting quite dif-
ferent species to the middle and inner sections.
The main vegetation zones can be broadly characterised as
a lower (or inner, on floodplains) one that is inundated most
years and a higher (or outer) one that is inundated less fre-
quently (Harris 1986; Hughes 1990; Hupp 1992). Some au-
thors have divided these major zones into sub-zones. Hupp
and Osterkamp (1996), for example, working across a spec-
trum of river types, described two communities within the
lower zone that were inundated ca. 40 and 5–25% of the year,
and two within the upper zone, one of which was flooded
every 2–3 years and the other less frequently. Kemper and
Boucher (2000) and Nilsson and Svedmark (2002) described
the botanical nature of the two main zones along rivers: a
lower zone of graminoids (sedges, rushes and grasses) and a
higher zone of woody shrub and tree species many of which
occur only or mainly along rivers. Several authors noted that
the border between the two major zones appeared to be at the
elevation reached by the channel-forming or bank-full flood,
which has a return period of about 2 years in strongly peren-
nial rivers, or longer in rivers with more flashy hydrographs.
Although many such findings have been reported, there is
presently no consensus on how many zones there are and
whether the same zones occur in different river basins. Addi-
tionally, the suggested links between zones and flow have not
been empirically tested across a spectrum of conditions. In
many cases this has been because of sampling bias in the
different methods used, such as an a priori delineation of
zones prior to sampling rather than a post-sampling delinea-
tion through data analysis. This paper addresses this knowl-
edge gap, reporting on research to establish the number and
nature of lateral zones along South African rivers in different
climatic zones, the relationship of these vegetation zones with
the patterns of flow (hydrographs), and the possible links to
their elevation above, and distance from, the river channel.
Research on southern African riparian zones has fo-
cused largely on floodplain forests, reporting the same
kinds of trends mentioned above (Hughes 1988; 1990;
van Coller 1992; van Coller et al. 1997, 2000; Mackenzie
et al. 1999 and Botha 2001). Each study reported that
lateral zones existed and proposed that they could usefully
be categorized by correlating the combined hydraulic and
geomorphic factors of the river with the distribution of
riparian plants. None related the zones to bank/
floodplain slope or specific flow variables, because of
either the complexity of the floodplain mosaic or the
inaccuracy/incompleteness of the hydrological records.
In this paper, as a first step and for simplicity, the focus
has been on single-thread alluvial channels. Such rivers
have the capacity to sculpt their own bed, by shifting and
sorting bed material during different flows, and so should
provide a clearer picture of flow-zonation links than either
bedrock rivers, where areas of inundation and plant
growth may be more driven by the nature of the land-
scape, or floodplains, because of their complexity.
The two main lateral zones recognised elsewhere were
first formally described for two southern African rivers (a
summer-rainfall river in Lesotho and a winter-rainfall riv-
er in South Africa) by Boucher (2002). He named the
zones a lower Wet Bank, with an upper limit at the height
of the larger intra-annual floods, and a higher Dry Bank,
with an upper limit at the 1:20 year flood line. Two sub-
zones were recognised in the Wet Bank (from the water
upwards: the Fringing Sedge and the Shrub/Willow sub-
zones) and three in the Dry Bank (Lower Dynamic, Tree/
Shrub and Back Dynamic). Kleynhans et al. (2007)
recognised three zones along South African rivers (from
the bottom upwards - Marginal, Lower and Upper), all
loosely linked to different magnitude flows, and
Reinecke (2013) suggested from research on rivers in
the Fynbos Biome of the western Cape in South Africa
that there were four zones (Marginal, Lower Dynamic,
Lower, Upper). His first two zones grouped within the
Wet Bank and the latter two within the Dry Bank. The
Lower Dynamic zone was thought to be too dry for the
sedges and similar of the Marginal zone to survive, but
flooded too often for trees and shrubs of the Dry Bank to
establish. His four zones occurred repetitively and predict-
ably across 18 sites on seven rivers in the Western Cape,
and there was a suggested strong link with lateral distance
from, and elevation above, the water’s edge. The mostly
annual inundations of the Wet Bank and the rarer inunda-
tion of the Dry Bank support the international findings on
zonation.
Do l l a r and Rown t r e e (2003 ) p roposed tha t
geomorphologically the division between the two major
zones is sustained by small annual/biannual floods that
shape the active channel, and larger so-called catastrophic
floods that re-set the wider macro-channel at time inter-
vals of up to 20 years or more. The nature of the vegeta-
tion community in each zone reflects the life-history traits
(recruitment, persistence, reproduction) of individual spe-
cies, each with its different response to flow and/or inun-
dation. Thus, it is suggested that zonation reflects the
occurrence of groups of species that respond in the same
way to prevailing allogenic (hydrogeomorphological) fac-
tors, with autogenic (plant induced) factors playing a sec-
ondary role (Francis 2006).
With this body of knowledge recognising the existence of
riparian vegetation zones and the apparent links to flow, we
investigated whether or not the pattern of four lateral zones
shown for Fynbos rivers was evident in riparian areas in other
parts of South Africa, and if the 1:2 and 1:20 year flood
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recurrence intervals are good predictors of the upper bound-
aries of the Wet and Dry Bank zones. Our hypotheses were:
& The same pattern of four vegetation zones is repeated on
different rivers irrespective of differences in climatic zone
and species composition.
& Areas that are inundated every 1–2 years will support two
distinct Wet Bank communities (Marginal and Lower Dy-
namic). Inundation at this frequency is a good predictor of
the extent of the Wet Bank.
& Areas that are inundated less often than every 1–2 years,
by infrequent large floods, will support two distinct Dry
Bank communities. Inundation at this frequency is a good
predictor of the extent of the Dry Bank.
If vegetation zones along rivers (and across floodplains)
can be strongly linked in this generic way to the flow regime
of a river, then it will strengthen our ability to predict vegeta-
tion changes that are likely to occur with flow modifications
such as those caused by dams. Such predictions form part of
Environmental Flow Assessments and are vitally important
when water resource decisions are made, especially in devel-
oping countries where millions of people use riparian natural
plant resources for food, construction materials, shelter, crafts
and firewood. Assessing development-driven changes to river
flow, the potential impacts on the riparian zone and the impli-
cation to vulnerable riparian people is becoming an important
component of environmental impact assessments. The greater
the geographical coverage of the generalisations that can be
made, the greater the likelihood that they can and will be
validly used in decisions on water-resource developments.
Methods
Site Selection
Three study areas with perennial rivers were selected in
South Africa with different flow regimes and vegetation
communities: Lowveld Riverine Forest and Northern
Mistbelt Forest along rivers with summer peak flow in
the north east (Mpumalanga); Southern Afrotemperate
Forest along rivers with aseasonal or early spring peak
flow in the southern Cape; and Fynbos Riparian Vegeta-
tion along rivers with winter peak flow in the western
Cape (Mucina and Rutherford 2006, Fig. 1).
In each area, rivers were selected with predominantly
longitudinal flow and little lateral floodplain development
(Gomi et al. 2002) to minimise the complexity of the
hydraulic modelling required. Nine study sites were cho-
sen from riparian areas with minimal disturbance. All
were located close to gauging weirs that had reasonably
accurate hydrological records that were greater than
30 years in length (Table 1).
Vegetation Data Collection and Analysis
On both banks at each site, vegetation data were collected
in 10 m-wide belt transects positioned perpendicular to
flow. The transects reached from the boundary with the
adjacent upland community through the entire riparian
zone to the water’s edge and up to the equivalent bound-
ary on the opposite bank. The centre point (5-m) of each
transect was located along a surveyed cross-section used
Fig. 1 A map of South Africa
with the four study areas,
FRV = Fynbos Riparian
Vegetation, SAF = Southern
Afrotemperate Forest,
LRV = Lowveld Riverine
Forest and NMF = Northern
Mistbelt Forest.
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for hydraulic modelling (Fig. 2). Contiguous 1×5 m plots
were sampled all the way along the transect on both sides
of the midpoint, except for Cro1 where the riparian zone
was more than 100 m wide. Here, plots were sampled
every 4 m on the left bank and every 2 m on the right
bank, to arrive at the same number of plots on each bank
as at the other sites (~12). The position of each plot was
surveyed in along the cross-section. Species cover abun-
dance was recorded for all visually present vascular spe-
cies (Kent and Coker 1992) and for three life stages of
trees: seedling (height<0.3 m), sapling (0.3>height>2 m)
and tree (height>2 m).
Each species was assigned to one of three water-
dependent categories based on its characteristic habitat
as follows, using data on plant traits from Gibbs Russell
et al. (1990), Pooley (1998), Goldblatt and Manning
(2000) and Coates Palgrave (2002):
& species common on or near seeps, rivers and watercourses
were deemed obligate riparian (wet) species;
& species described as occurring in bush, woodland or for-
ests and/or associated with water courses were deemed
facultative riparian (wet/dry) species.
& those occurring on rocky slopes and outcrops or mountain
slopes were deemed incidental upland (dry) species.
Multivariate analyses (PRIMER V6, Clarke and Warwick
2006) were used to discern patterns of zonation at the species
level. Data were 4th root transformed to better represent spe-
cies with lower cover values. Bray-Curtis similarity coeffi-
cients were calculated between plots and the results were
displayed using Multidimensional Scaling Ordinations
(MDS) and CLUSTER analyses. Plots with greater than
40% similarity were tentatively recognised as groups, as were
a few outlier clusters of plots with lower similarity. The sig-
nificance of separation between groups was calculated using
ANOSIM (analysis of similarities), a non-parametric permu-
tation procedure analogous to ANOVA (Clarke and Gorley
2006). The SIMPER (similarity percentages) routine in
PRIMER was used to discern typical and differentiating spe-
cies between groups.
Groups of plots were assigned to lateral zones based on
which water-dependent category most of their discerning spe-
cies belonged to.
Table 1 Biophysical data and location of study sites. Zonation after Rowntree et al. (2000), vegetation community type fromMucina and Rutherford
(2006)
Vegetation Community Region River (Site code) Latitude Longitude Gauge Flow record Geomorphic zone
Fynbos Riparian
Vegetation
Western Cape (Winter high
flow, summer low flow)
Molenaars (Mol1) −33.7233 19.17179 H1H018 1969– Upper foothills
Elands
(Ela1)
−33.7392 19.1132 H1H033 1991– Transitional
Elands
(Ela2)
−33.7394 19.1131 H1H033 1991– Transitional
Southern Afrotemperate
Forest




−33.8824 22.8385 K4H002 1961– Transitional
Kaaimans (Kaa1) −33.9711 22.5478 K3H001 1961– Transitional
Diep
(Die1)
−33.9136 22.7081 K4H003 1961– Upper foothills
Lowveld Riverine Forest Mpumalanga (Summer high flow,
winter low flow)
Crocodile (Cro1) −25.5024 31.1820 X2H032 1968– Lower foothillsa
Northern Mistbelt Forest Mac Mac (Mac1) −24.9999 30.8146 X3H003 1963– Upper foothills
Mac Mac (Mac2) −24.9999 30.8147 X3H003 1963– Upper foothills
a This site on the Crocodile River did not meet the geomorphological criteria as it was lower down the longitudinal profile but was selected as it met the
vegetation and hydraulic criteria better than all other sites visited in Mpumalanga
Fig. 2 Study design employed at the nine study sites. Vegetation
transects were aligned adjacent to hydraulic cross-sections on both river
banks
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Hydrological Data Collection and Analysis
Links between the vegetation plots along the transects and
flood levels/inundation were explored using stage (water lev-
el) duration curves and flood-return intervals. Stage-duration
curves were used to link the height of the water, and thus the
duration of inundation, to positions on the hydraulic cross-
sections and to the grouped vegetation plots. Flood-return
intervals indicate how often any specified magnitude flow
occurs.
A time-series of daily average flows was obtained from
DWA (2012) for the flow gauging station at each site. Data
gaps of up to 20 continuous days in length, flagged as either
missing or unreliable, were patched using mean monthly run-
off ratios from nearby suitable DWA gauges. Years containing
gaps longer than 20 continuous days were discarded from the
record.
Flood-return intervals were determined by frequency anal-
ysis of daily average flow using annual maxima. It would also
be possible to have used a partial-duration series, considered
appropriate for short-return interval floods, but this carries the
risk that floods may not be independent. Both these two
methods should produce similar or equal results in terms of
the size of the flood at longer return intervals (above about
10 years; Gordon et al. 2004). The annual maxima of daily
average discharges were ranked and fitted to a Log Pearson III
probability distribution. The greatest error for the flood peaks
was estimated at 25% for the shortest record at a return period
of 20 years (Linsley et al. 1975). For longer records at the
other sites and for shorter return periods the errors were small-
er, and it was possible, using hydrological records greater than
30 years in length, to estimate with reasonable accuracy how
far up the transect a<20 year flood will reach.
Hydraulic Modelling
Water levels of known discharge were surveyed in at each
cross-section in September 2011, November 2011 and March
2012 at the western Cape sites; November 2011, April 2012
and June 2012 at the southern Cape sites, and April, June and
July 2012 at the Mpumalanga sites. A stage-discharge rating
curve was derived for each cross-section based on the sur-
veyed water levels and observed flows by modelling addition-
al high and low flow points and interpolating between these.
The low flow point was surveyed in along the thalweg of the
downstream hydraulic control, as the stage at which flow
ceases, while the high flow end was chosen as the highest
point along the hydraulic cross-section.
The higher flows weremodelled using different approaches
at different sites:
& For Ela1, Ela2, Kaa1, Kar1, Mac1 and Mac2: Manning’s
equation (Gordon et al. 1992) based on a single cross-section
and representative high flow energy slope. Manning’s n
values were estimated visually (Barnes 1967; Arcement
and Schneider 1989; Hicks and Mason 1998; Birkhead and
Desai 2009). The energy slope was measured off a 1:50 000
topographical map with 20 m contours and surveyed off the
channel bed. The variation of Manning’s resistance1 with
stage was determined by plotting the Manning’s resistances
back-calculated from the observed stages, discharges and
slopes.
& For Mol1 and Die1: A one-dimensional hydraulic model
(HEC-RAS) consisting of at least three cross-sections and
a downstream boundary condition consisting of:
& a surveyed downstream normal depth (slope) at Mol1; and
& a known rating curve for Die1 (DWA 2012).
The rating curves were determined by fitting Eq. 1
(Birkhead and James 1998) to the observed and modelled
rating points determined above2:
y ¼ aQb þ c ð1Þ
& Cro1: The cross-section and derived rating curve (Eq. 1)
(Birkhead and Desai 2009), an ongoing monitoring site
(DWA 2012), were used as the re-survey showed no sig-
nificant changes since 2009.
Combining Hydrological and Hydraulic Data Sets
Since the vegetation sample plots were 1 m in width and the
river banks relatively steep, hydraulic modelling to achieve a
horizontal accuracy of 0.1 m using the annual maximum series
was considered reasonable. The rating curves were used to
convert the time series of daily flows into stage at 0.1 m in-
tervals along the transects reached by different magnitude
flows. The stage duration curves provided the corresponding
duration of inundation.
Because large or catastrophic floods often change the shape
and nature of river channels and riparian zones, a shortened
hydrological record was used for this exercise, consisting of
the years since the last large flood:
& Mpumulanga: October 2000 to September 2011 (last large
flood February 2000),
1 Manning resistance (n) is a composite factor that accounts for the effects
of many forms of flow resistance. In general, n increases as turbulence
and flow retardation effects increase (Gordon et al. 1992).
2 Where: (y) is stage, (Q) is discharge and (a), (b) and (c) are constants. (c)
Denotes the depth of discharge cessation and thus is often zero in riffles
where zero discharge occurs at zero depth, but non-zero in pools.
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& southern Cape: October 2008 to September 2011 (last
large flood November 2007), and
& western Cape: October 2000 to September 2011 (last large
flood June 1996).
Relating Plant Distribution to Hydraulic Variables
The vegetation zones were linked to the data on their height
above the water (elevation), the regularity with which they
would be inundated (exceedance probability, hereafter re-
ferred to as exceedance probability), and the inundation dura-
tion (length of time they would be inundated in days during a
year±the standard deviation), using BEST (PRIMER V6,
Clarke and Warwick 2006).
The relationship between exceedance probability (the re-
ciprocal of which is recurrence interval) and inundation dura-
tion was tested using Least Squares Differential (LSD) tests in
STATISTICA (V11, Statsoft, Inc 2013). Since each vegetation
transect varied in length and comprised a different number of
sample plots, and to avoid the bias of long transects, the same
number of plots was selected for each transect. This was done
by dividing each transect equally into five lengths and then
randomly choosing vegetation plots from each for further
analysis. The total number of plots chosen (18) was dictated
by the number that the shortest transect yielded. For each plot,
the analysis tested that each identified vegetation zone, as
represented by its sample plots, had a cohesive set of hydraulic
values that distinguished it from the other vegetation zones.
Results
Patterns of Lateral Zonation
Using the similarity guidelines explained earlier, four groups
of vegetation plots could be discerned in most study rivers.
With reference to the findings of Reinecke (2013) for western
Cape Fynbos rivers, the following guide was used, for each
river, to allocate its groups to a zone:
& groups that contained only incidental species were desig-
nated upland and were not considered further;
& groups containing a mixture of incidental and facultative
species, and most closely related to the upland group were
designated Upper zone;
& groups with facultative species were designated Lower
zone;
& groups with a mixture of facultative and obligate species
and that were most closely related to the Lower or Mar-
ginal groups were designated Lower Dynamic zone; and
& groups with obligate species were designated Marginal
zone.
An example of the pattern of zones at a site is provided in
Fig. 3.
All four named zones were present at 11 of the 18 sites:
both banks of Mol1, Ela1, Kaa1, Die1, Cro1 and the left bank
of Ela2. There was no Marginal zone on the right bank of
Ela2, both banks of Kar1, Mac1 and Mac2, and no Lower
zone on the left bank of Mac1. TheMarginal zone was mostly
missing where pools edged by large cobbles and boulders
provided no footholds for the adventitious roots of
Marginal-zone graminoids, which comprise a large proportion
of the Marginal zone flora (Table 5). The Lower zone on the
left bank atMac1 was missing as the bank was almost vertical.
Differentiating Species for Each Lateral Zone
The Marginal zone was distinguished by a high cover of
graminoids (sedges, rushes, reeds and grasses) and rhizoma-
tous perennials, mostly ferns but also by palmiet Prionium
serratum, in the Fynbos and southern Afrotemperate commu-
nities (Table 5). These species all shared traits associated with
regular fluvial disturbance, such as reproducing both sexually
and vegetatively, having a flexible habit and being able to re-
sprout and anchor via adventitious root systems (Karrenberg
et al. 2002). These coexisted with a low cover of pioneering
trees, such as the Cape willow (Salix mucronata) on the Fyn-
bos rivers, and the Matumi (Breonadia salicinia) on the
Lowveld river.
The Lower Dynamic zone on the Fynbos rivers was distin-
guished by the common Restionaceae Calopsis paniculata
that co-existed with the river heath Erica caffra. On the south-
ern Afrotemperate rivers, it was represented by rhizomatous
perennials Todea barbara and Dietes iridioides; on the
Lowveld river by the grass Panicum maximum; and on the
Northern Mistbelt river by the small tree Searsia batophylla
along with a mixture of rhizomatous perennials and sedges.
Trees and shrubs of the Lower Dynamic differed to those of
the Marginal zones in predominantly reproducing sexually
and having a tap and lateral root system, while graminoids
of the Lower Dynamic tended to have a rhizomatous root.
Many of the Lower Dynamic species retained the ability to
re-sprout and were flexible, although not exclusively.
The Lower zone of the Fynbos rivers was distinguished by
the tree Brachylaena neriifolia and the restio Elegia capensis.
The Lower zones were distinguished in the southern
Afrotemperate rivers by the grass Ehrharta rehmanii and the
rhizomatous perennial Aristea ensifolia, and in the Lowveld
river by the tree Bridelia cathartica and the shrub Phyllanthus
reticulatus. The Northern Mistbelt river’s Lower zones were
represented by the rhizomatous perennial Chelianthes viridis
and the shrub Leucosidea sericea. Plants of the Lower zone
were less distinct with respect to traits. Graminoids and her-
baceous perennials tended to retain the ability to re-sprout and
were flexible in habit, while trees were not.
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The p r e s ence o f up l and spec i e s f r om the
neighbouring communities adjacent to each site distin-
guished the Upper zone, characterised by a mixture of
these with species from the Lower zone and other inci-
dental species (see Table 5). At the Fynbos rivers the
upper zone was distinguished by the shrubs Searsia
angustifolia and Diospyros glabra with the rhizomatous
perennial Pteridium aquilinum. The latter was also pres-
ent in the Upper zone of the Northern Mistbelt rivers
along with graminoids Setaria megaphylla and the tree
Budleja sailvifolia. The southern Afrotemperate river’s
Upper zone was characterised by the rhizomatous peren-
nials Blechnum punctulatum, Histiopteris incisa and the
tree Searsia chirendesis while those of the Lowveld
river were represented by the trees Canthium ventosum
and Gymosporia senegalensis with the shrub Baleria
elegans. All of these Upper zone plants are perennials
and reproduce sexually post-flood, while the graminoids
and herbaceous perennials also are able to reproduce
vegetatively.
Hydraulics of Lateral Zones
River channel shapes were characterised by an active channel
set within a macro-channel. A typical cross-section is shown
in Fig. 4 for Ela1 where four flood-classes are illustrated along
with the location of the four lateral zones. The rating curve for
the same site is shown in Fig. 5, which was used to determine
stage from discharge.
The distribution of plants correlated fairly well with the two
main hydraulic variables: inundation duration and exceedance
probability with R2 for both factors ranging between 0.4 and
0.7. R2 values less than 0.3 represent a poor fit and are essen-
tially meaningless.
The strongest correlation values were for a combined set of
variables at all sites except for Kar1, Mac1 and Mac 2
(Table 2).
These three sites had their highest correlation values with
the single variables elevation, inundation duration and exceed-
ance probability, respectively. Nine of the combined relation-
ships were strong (>0.7), seven were fair (0.4>x>0.7) and
Fig. 3 CLUSTER analysis andMDS ordination of Bray Curtis similarity
between sample plots on (L) the left and (R) right bank at Ela1. Mar =
Marginal, L.D. = Lower Dynamic, Lwr = Lower and Upp = Upper.
Similarity = % similarity between sample plots. Samples = sample plot
codes; 2a = metre 2, transect a
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two were weak (<0.4). The variables identified included dis-
tance and elevation vectors as well as the standard deviation
about the mean inundation period.
Ten of the combined relationships were strong (>0.7), six
were fair (0.3>x>0.7) and two were weak (<0.3). Distance
and elevation vectors were included as well as the standard
deviation about the mean inundation period.
The relationships between vegetation zone type, flood re-
currence intervals, exceedance probability and inundation du-
ration, as represented by their mid-points on the cross-sections
(Table 3), were different between the Marginal, Lower Dy-
namic and Lower zones.
The Marginal and Lower Dynamic were inundated by
floods smaller than the 1:2 flood but for different periods.
The Marginal zone was inundated between 97 and 203 days
a year about an average of 150 days. The Lower Dynamic was
inundated between one and 16 days a year about an average of
eight days. The Lower zone was inundated by floods greater
than the 1:2 year flood but was not distinguished from the
other two by inundation duration.
The location of the Upper zone was not discriminated by
any of the hydraulic variables tested.
Discussion
Four, or occasionally three, of the riparian vegetation zones
described for Fynbos Riparian Vegetation (Reinecke 2013)
were evident on all the rivers used in this study despite major
differences in geographic location, vegetation community
type, climate and patterns of seasonal flow. The zones corre-
lated well with the magnitude of small to medium flood
events. This concurs with studies from elsewhere in the world
that report two Wet Bank zones inundated more or less
Fig. 4 Hydraulic cross-sections
with the minimum observed an-
nual flood, modelled inter annual
floods that inundate each lateral
zone and the upper limit of each
vegetation zone at Ela1. WE =
wetted edge of measured
dry-season flow: lowest surveyed
water level. Mar = Marginal, L.D.
= Lower Dynamic, Lwr = Lower,
Upp = Upper zones
Fig. 5 Rating curve for Ela1,
showing the measured and
modelled data to which it was
fitted using Eq. 1
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annually and two Dry Bank zones inundated at longer inter-
vals (Harris 1986; Hupp and Osterkamp 1996; Nilsson and
Svedmark 2002). Similarly, in southern Africa, Hughes
(1990), Boucher (2002) and Kleynhans and Louw (2007a)
proposed separating the riparian vegetation at the boundary
of the annual flood.
Since no differences were reported for the inundation
of the lower zone and the recurrence intervals of the upper
(Table 3), all of the data in this study were used in one
overall analysis to report averages for the main hydraulic
variables: recurrence interval (RI), exceedance probability
(Ex.P), inundation duration (I-D). This revealed that the
four zones were clearly distinguishable by the frequency
with which they were inundated and the number of days
per year that this inundation persisted (Table 4). On aver-
age, using all of the plots in the whole of any one zone,
the Marginal zone was inundated for about one quarter of
the year, every year. The Lower Dynamic zone was inun-
dated for about half a month over an approximate two
year cycle. These two zones are in the Wet Bank, and so
the relationships support the contention that the 1:2 year
flood line separates the Wet Bank from the Dry Bank. The
1:2 flood line division between Wet and Dry Banks has
been noted in studies through South Africa, Zimbabwe,
Lesotho, Mozambique, Tanzania, Peru, Namibia and
Sudan (J. King, University of the Western Cape. pers.
comm.)
The Lower zone was inundated for about one day
every four years or so and the Upper zone very briefly
and rarely, perhaps once a decade. Thus, higher up the
bank, factors such as plant interactions (Silvertown
et al. 1999; Francis 2006), or a higher groundwater
table near the river, may have a greater influence on
species distributions than normal river flows. Stochastic
abiotic events, such as droughts, or very large floods
that reset the entire riparian area by uprooting large
trees and mobilising large volumes of alluvial sediments
(Dollar and Rowntree 2003) may also help define the
Table 2 BEST Correlations
between plant distribution and
inundation duration (I-D),
standard deviation about this
mean (δI-D) and exceedance
probability (Ex. P)
Community Site R2 Factors
Fynbos Riparian Vegetation Mol1 LB 0.537 Distance, δI-D
Mol1 RB 0.631 Distance, Ex.P
Ela1 LB 0.825 I-D, δI-D
Ela1 RB 0.639 Distance, elevation, δI-D
Ela2 LB 0.707 Elevation, Ex.P, I-D
Ela2 RB 0.612 Distance, elevation, Ex.P, δI-D
Southern Afrotemperate Forest Kar1 LB 0.698 Elevation
Kar1 RB 0.582 Distance, Ex.P
Kaa1 LB 0.846 Distance, Ex.P
Kaa1 RB 0.784 Distance, Ex.P
Die1 LB 0.777 Distance, elevation, I-D, δI-D
Die1 RB 0.733 Distance, elevation, I-D
Lowveld Riverine Forest Cro1 LB 0.793 Distance, Ex.P, δI-D
Cro1 RB 0.609 Distance, elevation, Ex.P
Northern Mistbelt Forest Mac1 LB 0.887 I-D
Mac1 RB 0.383 Distance, I-D
Mac2 LB 0.870 Ex.P
Mac2 RB 0.369 I-D
Table 3 Relationships between vegetation zones, recurrence interval
(RI), exceedance probability (Ex.P), inundation duration (I-D), respective
standard deviations (δ) and 95 % confidence limits
Zone RI Ex.P δ (Ex.P) −95 +95 I-D δI-D −95 % 95 %
years % days
Mar 1.1* 0.91* ±0.21 0.83 0.99 150* ±118 97 203
L.D 1.3* 0.75* ±0.22 0.61 0.89 8* ±12 1 16
Lwr 2.5* 0.37* ±0.37 0.21 0.53 6 ±15 0 13
Asterisked values are significant at the 5 % level
Table 4 Average recurrence interval (RI), exceedance probability
(Ex.P), inundation duration (I-D) and their respective standard deviations
(δ) for each vegetation zone using all the plots designated to each zone
from all sites
Vegetation zone RI (years) Ex.P ± δ I-D ± δ (days)
Mar 1.2 0.85±0.18 79.9±30.5
L.D 1.5 0.67±0.34 11.6±6.2
Lwr 3.8 0.26±0.35 1.2±0.4
Upp 8.4 0.12±0.27 0.1±0.1
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nature of the Upper zone. Where large floods are ab-
sent, incidental species tend to establish in the higher
parts of the riparian area, with possible cascading ef-
fects such as changes to the grazing patterns of large
herbivores (Naiman et al. 2008). Althoug it is unlikely
that floods of this magnitude contribute toward the sep-
aration of the zones, they can be responsible for elimi-
nating upland species that become established there
(Parsons et al. 2005) and have been shown to limit
recruitment of invasives (Foxcroft et al. 2008).
In this study, the sequence of zones was not always
complete, because of the valley shape and the nature of
the substratum. At some sites, the lack of a Marginal
zone may have been due to the absence of specialist
riparian trees with pioneering attributes (Rood et al.
2005), such as Salix mucronata and Breonadia salicinia,
which are able to root in the larger sediments (van
Coller et al. 1997), or to the inability of finely rooted
emergent graminoids (Koncalova 1990), such as rushes,
sedges and reeds, to establish. In all cases, the relevant
Marginal species did occur upstream or downstream of
the site and were apparently absent from it because of
the lie of the land or the nature of the bank particles.
The geographical variation in the species composition
of the zones can mask the functional links with flow
that were driving the creation of the zones. By
categorising the species as obligate, facultative or inci-
dental in terms of dependency on the river water, the
same terms could be used across the study, showing that
the functional nature of the vegetation in each zone was
the same across all the sites regardless of geographic
location (Fig. 6).
In general, adults of obligate riparian species oc-
curred in the Marginal zone, those of facultative species
in the Lower zone and those of incidental species mixed
with facultative species in the Upper zone. Obligate
species recruited into the Wet Bank, where seasonal
wetting maintains soil moisture at levels conducive for
this (Boucher 2002; Brown and King 2006). Facultative
species were more widely distributed across the Wet and
Dry Banks (Reinecke 2013). Incidental species recruited
into the Upper zone rarely seemed to achieve adulthood,
perhaps because they are unable to withstand the occa-
sional flood inundation.
Reinecke (2013) demonstrated functional differences
between some Wet Bank and Dry Bank trees in the
western Cape in terms of their phenological and physi-
ological adaptations. Wet Bank (obligate riparian spe-
cies) trees were structurally flexible but broke easily,
dispersing vegetative diaspores downstream, were able
to re-sprout, and dispersed hydrochorous seed during
low flow into the Marginal zone. Dry Bank (facultative
riparian) trees were more tolerant to drying out, were
less flexible structurally and dispersed seeds during high
flow that were distributed more widely. In summary, in
the winter-rainfall Fynbos Biome, the Wet Bank species
tended to set seed in the dry season and the Dry Bank
species in the wet season. It has not yet been assessed
if this holds true elsewhere.
The distribution of functional types described here
supports arguments for an ecohydrological basis for
niche separation along a hydraulic gradient (Francis
2006). Categorising responses into functional types also
supports the proposition by Merritt et al. (2010) to
move away from species-level indicators for studies on
environmental water requirements in favour of catego-
ries according to flow-linked life-history traits. Certain-
ly, the results obtained in this study suggest that this
Fig. 6 Schematic of lateral zone
distribution in relation to river
flow. Large symbols are adults,
small are saplings
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can be done, and indeed already is being done in south-
ern Africa for rivers with and without floodplains (King
et al. 2008).
Environmental flow assessments for rivers in the sub-
continent identify vegetation zones and link these to inunda-
tion frequencies and duration to assess the present extent of
each zone and how they would be affected by flow changes
driven by water-resource developments. Zones may shrink or
disappear as the flow regime changes and other zones expand,
which could result in weakened, less stable banks (Karrenberg
et al. 2002; Kotschy and Rogers 2008; Sieben and Reinecke
2008), greater invasion of alien species (Reinecke 2013),
changes in biodiversity, a lower yield of plant species for
subsistence users (Mbaiwa 2004) and an impact on large wild
herbivores, particularly on floodplains, with repercussions
through the trophic levels).
Recognising this, environmental flow assessments use the
links between flow and vegetation zones to translate
development-driven changes in flows into changes in the area
of each vegetation zone. Predictions are then made on the
biodiversity, social and resource economic implications. This
provides stakeholders and decision makers with new insights
as to how their river could change and supports more balanced
and accountable decisions than was possible until recently.
There may be another interesting spin-off from work such
as this. Where hydrological data are few, the demonstrated
links between vegetation zones and flow could be used to
either simulate or validate wet and dry season low flow dis-
charge (using the Marginal zone); the magnitude and duration
of the intra-annual floods (using the division between the
Marginal zone and the Lower Dynamic zone); and the size
of the 1:2 year flood, using the division between Wet and Dry
Banks. Where there is a mismatch between hydrological data
provided for an environmental flow assessment and the vege-
tation zones identified, the hydrological data have usually
been proved to be at fault (Prof. C. Brown, UWC, pers.
comm.). Thus the vegetation zones can provide a useful qual-
ity check of both the hydrological and hydraulic modelling
done and may in some cases be able to partially replace them.
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